Despite evidence for executive dysfunction in school-aged preterm children, less is known about the early development of these difficulties or their underlying neuropathology. This study used prospective longitudinal data from a regional cohort of 88 very preterm and 98 full-term comparison children to examine the executive functioning (EF) of preschool children born very preterm. The relationship between the severity of neonatal cerebral white matter (WM) abnormalities on magnetic resonance imaging (MRI) at term equivalent and children's EF at ages two and four years (corrected age) was examined. At age four, very preterm children with WM abnormalities performed less well than full-term children on the Detour Reaching Box, a measure of behavioral inhibition and cognitive flexibility, even after controlling for child IQ, SES, and medical background. Examination of patterns of EF performance between the ages of 2 and 4 years showed that the performance of all groups improved with age. However, very preterm children with mild and moderate-severe WM abnormalities were characterized by higher rates of consistent performance impairments. These findings support the presence of early and persistent executive difficulties in preschool children born very preterm, and highlight the importance of white matter pathology in the development of executive impairments. (JINS, 2008, 14, 90-101.) 
INTRODUCTION
Dramatic improvements in the survival of children born very preterm (,33 weeks gestation) and0or very low birth weight (,1500 grams) have been accompanied by growing concerns regarding these children's longer term developmental outcomes. Across development, very preterm children have been shown to be at high risk for cognitive impairment and educational under-achievement (Anderson et al., 2003; Bhutta et al., 2002; Horwood et al., 1998) . Such findings highlight the need to better understand the specific neuropsychological impairments that place very preterm children at risk for cognitive difficulties.
One set of neuropsychological skills that has attracted considerable interest within the fields of developmental neuropsychology and child psychopathology is executive functions (EF). These skills refer to a set of processes necessary for purposeful, goal-directed behavior (Welsh & Pennington, 1988) . Several studies suggest that by school-age, very preterm children are characterized by a range of executive difficulties, including poor planning and problem solving, impaired working memory and disinhibition (Anderson et al., 2004; Luciana et al., 1999; Taylor et al., , 2006 . Importantly, these difficulties have been shown to predict later educational outcomes (e.g., mathematics; Assel et al., 2003) . Table 1 provides an overview of previous studies of EF in preterm children. Although these studies provide strong evidence that children born very preterm are characterized by executive difficulties during middle childhood and early adolescence, the extent of these difficulties in early childhood is less clear. Specifically, study findings remain mixed, with some studies suggesting intact EF skills [e.g., working memory (Matthews et al., 1996) ; shifting set (Espy et al., 2002) ], and others demonstrating performance impairments, especially in working memory (Espy et al., 2002; Ross et al., 1996; Ross et al., 1992; Vicari et al., 2004; Woodward et al., 2005) . Because several of these studies were based on nonrepresentative or low risk samples (Espy et al., 2002; Matthews et al., 1996; Vicari et al., 2004) , further research is needed to clarify the pattern of these difficulties in high risk preterm infants during early childhood.
In addition, our understanding of the medical and socialenvironmental factors associated with EF difficulties in this population is limited. Effect sizes for differences in EF are typically higher for children born extremely small (,750 grams) or extremely preterm (,28 weeks). This suggests that immaturity may contribute to the development of executive difficulties, although the reasons for this increased risk are unclear. Furthermore, few studies have taken into account between-group differences in social risk or IQ, making it difficult to ascertain whether EF difficulties represent a primary impairment or are secondary to other factors.
Further, it is clearly important to understand the neuropathological mechanisms that may contribute to very preterm children's EF difficulties. Injury to the cerebral white matter (WM) is the most common neuropathology found in the preterm infant and forms a spectrum known as periventricular leukomalacia (PVL), with a severe form involving the formation of cystic lesions as well as diffuse WM loss (Perlman, 1998) . Recent MRI studies reveal that an even larger number of very preterm infants are characterized by less severe and more diffuse WM abnormalities. For example, in our cohort of infants born very preterm, high rates of mild (51%) and moderate-severe (20%) WM abnormalities were evident by term equivalent age. These abnormalities included focal signal abnormalities, ventricular dilatation, thinning of the corpus callosum, WM volume loss and delayed myelination (Inder et al., 2003; Woodward et al., 2006; Woodward et al., 2004) . The presence of such WM abnormalities may impact subsequent cortical development and neural connectivity, particularly within prefrontal circuits (Luciana, 2003) . Neonatal WM abnormalities on qualitative MRI have been shown to be associated with global reductions in cortical gray matter volumes among very preterm infants by term equivalent age Inder et al., 2003) . Thus, early WM abnormalities may have cascading effects on cerebral development, which may also compromise executive functioning.
Many previous studies of EF in very preterm children have lacked neuroimaging data, relying instead on cranial ultrasound or clinical risk factors correlated with brain injury to infer possible linkages between cerebral injury and EF (Curtis et al., 2002; . In our cohort of very preterm infants we demonstrated a relationship between MRI-defined WM abnormalities at term age and later working memory impairment at age 2 years (Woodward et al., 2005) . Such studies are likely to improve our understanding of the neural mechanisms underlying the cognitive deficits common to this population.
Finally, in defining the nature of executive deficits in very preterm children and their underlying neuropathology, it is also important to understand how these functions develop during early childhood. Research findings have been inconsistent in this regard (Luciana, 2003) , with some investigators proposing that very preterm children may "catch-up" with age because of neural plasticity and functional recovery (Ment et al., 2003) . In contrast, others suggest that persistent impairments are more likely, with some children potentially showing greater impairment with increasing age . To date, only one longitudinal study has examined the development of executive processes in preschool children born very preterm (Ross et al., 1996) . They found that between 10 months and 2 years, preterm children with intraventricular hemorrhage (IVH) made fewer developmental gains in EF than their preterm peers without IVH. Although previous studies are suggestive of persistent executive impairments, further longitudinal evaluation is important to help define the nature and course of these impairments. It is also important to note that whereas Ross et al. (1996) suggests that brain injury may contribute to persistent EF impairment, developmental change in this domain has not yet been related to more sensitive measurements of brain abnormalities, such as MRI estimates of WM injury.
In summary, a number of issues relating to the development of EF in very preterm children require further research and clarification. First, few neuropsychological studies to date have included sensitive neuroimaging techniques, such as MRI, and as a consequence, little is known about the neuropathological mechanisms relating to executive deficits. Second, research examining the early development of executive difficulties is scarce. Thus, little is known about when these problems emerge or how they evolve across early childhood. Accordingly, this paper extends on our previous study of EF at two years (Woodward et al., 2005) , to address these important issues. Specifically, the study aims to:
1. Describe the performance of a highly representative group of very preterm children with no, mild and moderatesevere WM abnormalities detected on MRI at term equivalent, and a comparison group of full-term children on a measure of executive functioning administered at age 4 years (corrected).
2. Examine the extent to which differences in performance across the four study groups persisted after statistical adjustment for child IQ, family socioeconomic status, and a range of antecedent medical risk factors. The reasons for controlling for these factors were twofold: first 92 J.O. Edgin et al. to examine the possibility that executive function was selectively impaired (i.e., more affected than would be predicted by children's general cognitive abilities), and second to determine if these impairments were related to WM abnormality as opposed to associated medical complications.
3. Describe the development of executive function in very preterm children with varying levels of neonatal WM abnormality and full-term children from two to four years, and in particular, examine the continuity and change of children's performance over this developmental period.
We hypothesized that very preterm children would perform less well on the EF task at four years, even after controlling for potentially important background factors. Further, given our earlier finding of a link between WM abnormality and working memory impairment at age two years, we expected the severity of WM abnormality would be related to EF at four years. In line with previous longitudinal studies, we also anticipated that very preterm children with moderate to severe WM abnormalities would be characterized by consistently higher rates of EF impairment at two and four years than very preterm children without WM abnormalities and full-term children.
METHODS

Participants
Very preterm group
This group drawn from a regional cohort of 100 children born prior to 33 weeks gestation or under 1500 grams, and who were admitted consecutively to a level III Neonatal Intensive Care Unit (NICU) at Christchurch Women's Hospital, New Zealand from November 1998 to December 2000. Exclusion criteria included congenital abnormalities (e.g., Down syndrome) and non-English speaking parents. During this time period, 119 preterm infants met study criteria. There were 10 deaths. Of the remaining eligible infants during this period, 92% were recruited (i.e., 4 missed, 5 refusals, total n 5 100).
Children in the very preterm group were assessed throughout the perinatal period, at term, and at one, two, and four years corrected age using a combination of measures, including MR imaging, medical records, parent interviews, and neuropsychological assessments. Of the 100 infants recruited following admission to the NICU, 93 participated in the two-year-old assessment and 96 participated in the assessment at four years. The two-year retention rate (93%) included three children lost to follow-up, three deaths, and one child living abroad. At four years, one child from the original cohort was lost to follow-up and there were three deaths (i.e., 96% retention). No children in the very preterm group met diagnostic criteria for autism or seizure disorders by age four. Two children were unable to complete the cognitive and executive measures due to blindness (n 5 1) or severe cerebral palsy (n 5 1). Data from four additional children were excluded because of late completion of the assessment at four years, resulting in n 5 90 at four years. Children were assessed within two weeks of their expected date of delivery (expected birthday) for each time point. In order to maintain consistency across the two assessment points, children were assessed at their corrected age, providing a more conservative test of between group differences. Previous studies have suggested that correcting for gestational age at birth until 8.5 years in very preterm children results in scores with greater predictive utility (Rickards et al., 1989) .
Full-term group
The full-term group was recruited at two years of age and consisted of 104 full-term children born Ն37 weeks' gestation. Full-term children were identified from hospital birth records (n 5 7200 total births) by selecting a same-sex child born two births before or two births after the delivery of each preterm child. These children were free from congenital abnormalities and birth complications such as growth restriction. Non-English speaking families were excluded. One child with autism was excluded from the control sample prior to the four-year assessment. We over-recruited in this group to compensate for potential attrition, resulting in a total of 103 controls. The recruitment rate was 62%. Reasons for non-participation included: untraced (47%); moved overseas (12.5%); refused (12.5%); and agreed but not seen within the assessment window at the initial two years assessment (24 months 62 weeks) because of illness or family circumstances (28%). Children who were recruited did not differ from those who were not recruited in terms of infant birth weight, gestation, gender, socioeconomic status, family type, or Maori ethnicity. Retention of the term control sample to age four was 96% (n 5 99), with four children lost to follow-up. An additional 1 child was excluded because of non-completion of the EF measure at four years, resulting in a total of 98 children in the full-term group.
Procedures and Measures
In addition to comprehensive medical data collected throughout the perinatal period, all very preterm children underwent an MRI at term equivalent. Equivalent medical data was collected retrospectively from the medical records of all full-term children, however MRI data was not collected. At two and four years corrected age, all children completed a neuropsychological assessment including EF measures. Parental interviews were administered to obtain information about family social background and experiences. All assessment procedures were in compliance with the regulations of the University of Canterbury and were approved by the Canterbury Regional Ethics Committee.
Cerebral white matter abnormality at term
At term equivalent age (39-41 weeks gestation), all very preterm infants underwent an MRI scan. Prior to imaging, Preterm children and white matter abnormalityinfants were fed, wrapped and placed unsedated in a Vac Fix bean bag. MR imaging was performed using a 1.5 Tesla General Electric Signa System (GE-Medical Systems, Milwaukee, WI). For the acquisition of primary MRI data, two different imaging modes were applied. These included: (a) a 3-dimensional Fourier transform spoiled gradient recalled (SPGR) sequence (1.5 mm coronal slices, flip angle 45 degrees, repetition time 35 ms, echo-time 5 ms, field of view 18 cm, matrix 256 3 256) and (b) a double echo (proton density and T2-weighted)-spin echo sequence (DE) (3-mm axial slices, repetition time 3000 ms, echo times 36 and 162 ms, field of view 18 cm, matrix 256 3 256, interleaved acquisition). The voxel (volume of the pixel) dimensions were 0.7 3 0.7 3 1.5 mm for the SPGR acquisition, and 0.7 3 0.7 3 3 mm for the spin echo acquisition.
All scans were scored independently by a pediatric neuroradiologist and neurologist (95% inter-rater agreement). Raters were blind to infant perinatal history. The scoring system for WM abnormality was adapted from previously published systems (Valkama et al., 2000) and has been described previously (Inder et al., 2003; Woodward et al., 2004) . Table 2 provides a detailed description of the criteria for these ratings. WM was graded with a score between one and three for five variables: WM signal abnormality (shortening T1-weighted imaging), reduction in WM volume, cystic abnormality, lateral ventricular size, and thinning of the corpus callosum and delayed myelination. Term equivalent MRI scans were performed on 99 of the 100 original participants in the preterm group, and WM abnormality ratings were available on scans for 88 of the 90 preterm children who had complete behavioral data at age four. On the basis of their total scores (range 5-15), preterm infants were then divided into four groups: (1) no WM abnormality (score 5-6, n 5 22); (2) mild (score 7-9, n 5 49); (3) moderate (score 10-12, n 514) and (4) severe WM abnormality (score 13-15, n 5 3). Given the small numbers of children with severe, typically cystic WM abnormalities (n 5 3), the moderate and severe groups were combined for analyses.
Assessment at age two years (corrected)
A modified three-step Multi-Search Multi-Location (MSML) task was the EF measure administered at two years (Woodward et al., 2005; Zelazo et al., 1998) . This task required children to track the location of a hidden reward and inhibit responses to a previously rewarded location, thus involving working memory and inhibitory control (Diamond, 1990; Espy et al., 2001 Espy et al., , 1999 .
During this task the researcher introduced a wooden box that contained three shapes attached to pouches on a string. The box had a plexiglass front window. The shapes were placed near the child while the pouches remained behind the window. First, children practiced retrieving a candy placed in a pouch in the uncovered box. Then, in full view of the child, the experimenter placed a candy in one of the pouches attached to a different shape, announced its location, and placed a wooden occluder over the view into the box and a foam barrier over the shape stimuli. The researcher then invited the child to retrieve the candy. This procedure was repeated until the child successfully retrieved the candy three times consecutively. For the postswitch trial, the same process was repeated, except the candy was placed in a pouch attached to the last differing shape. Performance on this task was coded as pass0fail. The child failed this test if he or she failed to locate the candy on the single postswitch trial.
Assessment at age four years (corrected)
At four years (corrected age), EF was assessed using a modified version of the Detour Reaching Box (DRB) Task (Hughes et al., 1998; Hughes & Russell, 1993) . This task provides a measure of inhibitory control (i.e., the ability to inhibit a prepotent, salient response) and the ability to switch effectively from a previously reinforced rule. Therefore, the executive processing demands of this task were similar to the MSML task administered at two years.
The testing apparatus consisted of an aluminum box with a centrally positioned hole. Mounted inside the box was a platform on which a ball was placed. Physically reaching inside the box to the retrieve the ball caused a trapdoor to open and the ball to drop out of sight. Two lights were located on the front face of the box, one yellow and one green. When the yellow light on the top right face of the box was activated, a knob positioned on the right side of the box could be turned to retrieve the ball ("knob-route"). Alternatively, when the green light was on (i.e., located on the left hand face), a switch on the left side of the box could be pushed, allowing the child to retrieve the ball directly from the platform ("switch-route"). The task procedure involved three phases: two phases in which the child learned each search strategy (i.e., the knob and switch routes) followed by a final phase in which the child was required to alternate between these rules. Each assessment began with a demonstration that the ball could not be retrieved via the direct route. After this preliminary demonstration, each child was then shown the yellow light, followed by the experimenter stating "I'll show you the trick for how to get the ball out when the yellow light is on. Let's see what happens when I turn this knob." The child was then asked to attempt to retrieve the ball in the same way. To pass this phase of the task, children were required to correctly retrieve the ball via the knob route on three consecutive trials. A trial started when the ball was placed on the platform, and the light corresponding to the trial was illuminated. The children were then oriented to the task, and asked, "How do we get the ball when the yellow light is on?" The trial was completed after the child's attempt to retrieve the ball (i.e., either correct or incorrect). In the knob route phase, children failed the trial if they directly reached into the box, an indication of poor inhibitory control. A maximum of 15 trials were allowed to reach the criterion of three consecutive correct responses.
After meeting criterion on the knob-route trials, the second phase of "switch-route" trials commenced. During this phase, the child was shown that the knob-route was no longer working and that the ball still could not be retrieved by reaching directly into the box. The experimenter then said "I'll show you the trick for getting the ball out when the green light is on" and modeled the new switch route procedure, which required the child to hold a switch while simultaneously reaching directly into the box to retrieve the ball. Trials then commenced in a similar fashion to the knob phase. To reach criterion on this phase of the task, children needed to use the switch-route correctly on three consecutive trials. The task was terminated at this point if children failed to achieve criterion within 15 trials.
In the final phase of the task, the procedure was extended to increase the executive demands. This phase included eight additional tests in which the knob-route and switch-route rules were alternated (i.e., green light, yellow light, green, green, yellow, etc). Children were oriented to the rule required for each of the tests by the experimenter pointing out the color of the light. In each of the eight final tests, children were allowed a maximum of eight attempts to use the correct rule.
For each phase of the task, the total number of trials and the types of errors were recorded. Similar to Hughes & Russell (1993) , we recorded the number of perseverative errors during the postswitch and alternating phases. These errors included direct reaches or the use of a rule indicated by the opposite light (i.e., trying to use the knob when a green light was on). In total, the measures of interest on this task were the number of trials to reach criterion in the first two phases (ranging from 3-15 in the knob and switch route phases), the percentage of children successfully reaching criterion on each phase, and the number of perseverative errors during the second and alternating phases. For assessment of the continuity of measures, we also scored this test as pass0fail. To pass this measure, the child had to meet criterion on the first two phases and also had to use the rules effectively on the alternating phase (i.e., obtained an average of 1 error or less per alternating test).
At four years, IQ was estimated using a short-form of the Wechsler Preschool and Primary Scales of IntelligenceRevised (WPPSI-R, Wechsler, 1989 ) comprising two Verbal Scale subtests (Comprehension, Arithmetic) and two Performance Scale subtests (Picture Completion, Block Design). Reliability coefficients for this short form of the WPPSI-R range from .91 to .94 and correlations with fullscale IQ scores range from .89 to .92 (LoBello, 1991) .
Statistical Analysis
For all statistical analyses, children born full-term were compared with three groups of children born very preterm divided on the basis of the severity of cerebral WM abnormalities. These groups included very preterm children with no (n 5 22), mild (n 5 49), and moderate to severe (n 5 17) WM abnormalities.
Data analysis was completed in three steps. First, the clinical and family characteristics of all study children were described. Second, group differences on the DRB task at age 4 years were examined with and without statistical adjustment for background variables differing between the groups (i.e., IQ, SES, clinical risk). These analyses were undertaken using either one-way ANOVA for continuously distributed variables or the chi-squared test of independence for dichotomous variables, followed by ANCOVA or logistic regression when adjusting for background variables. Posthoc tests were also conducted with LSD multiple comparisons in ANOVA and individual chi-square tests. Finally, general estimating equations (GEE) was used to examine the effects of the independent variable (i.e., WM abnormality group: controls, no, mild, and moderate-severe) on fluctuations in the dependent variable (i.e., EF task failure) over time, taking into account correlations between repeated observations (Zeger & Liang, 1986 . Within this analysis simple (group, age) and interaction (group 3 age) effects were assessed. An alpha level of .05 was used to detect significance for all analyses. Table 3 describes the clinical and family background characteristics of full-term and very preterm children with no, mild, and moderate-severe WM abnormalities. Results revealed clear differences in gestational age across the four groups ( p , .001), whereas birth weight was similar across the three preterm groups, but differed significantly from full-term children ( p , .001). Each preterm group had a similar proportion of singleton births, but the proportion was higher in controls ( p , .001). No significant gender differences were found. Preterm children also did not vary with respect to rates of intrauterine growth restriction (i.e., small for gestational age) or chronic lung disease (i.e., oxygen therapy at 36 weeks). However, very preterm children with less severe WM abnormalities were less likely to have been exposed to infection ( p , .05). Further, the risk of grade III0IV intraventricular hemorrhage on cranial ultrasound was significantly higher in the moderate-severe abnormality group, while the other preterm groups had equivalent rates ( p , .05).
RESULTS
Clinical and Background Characteristics
With regard to social background factors, mothers from each preterm group tended to leave school earlier (,16 years) than mothers of full-term children ( p , .05). Levels of maternal educational achievement were similar across the three preterm groups, but higher in the full-term group ( p , .05). Similarly, the preterm groups were more likely to be of semi-or un-skilled socioeconomic status than the term group ( p , .01) . No between group differences were found for maternal age or low family income.
At age four, very preterm children without WM abnormalities obtained similar IQ scores to their full-term peers. In contrast, very preterm children with mild and moderatesevere WM abnormalities performed less well than their term and preterm peers without WM abnormalities ( p , .001), with increasing severity of WM abnormalities being associated with poorer IQ test performance ( p , .001). full-term children on the DRB task at age four years. Results showed that the number of trials required to reach the preswitch (i.e., knob phase) criterion varied across the four groups ( p 5 .01). Posthoc tests revealed that preterm children with mild and moderate-severe WM abnormalities required more trials than full-term children to learn the initial rule ( p , .05). Nonetheless, despite requiring more trials to achieve task criterion, the very preterm groups were as likely to achieve the task criterion on this initial phase as their full-term peers (i.e., greater than 90% in all groups). No significant differences were found in children's performance on postswitch (switch route) phase trials, including the number of trials to meet criterion and the proportion of perseverative errors. In total, 86% of controls and 73% to 78% of all preterm children achieved the criterion for the postswitch phase. Given that 32% of all very preterm and full-term children completed the task in the minimum number of trials needed to reach criterion (i.e., 3 trials) it is unlikely that the absence of group differences on this phase was caused by ceiling or floor effects.
Performance on the Detour Reaching Box at Age Four Years
As the task became more complex during the final alternating phase, the groups differed significantly in terms of the number of perseverative errors committed ( p , .001). Posthoc tests revealed that the mild and moderate-severe WM abnormality groups made significantly more perseverative errors during this task phase than full-term children and very preterm children without WM abnormalities ( p , .05). Furthermore, as seen in Table 4 , these group differences remained significant after statistical control for background and clinical factors shown to correlate with prematurity and WM abnormality severity in Table 3 , including gestation, singleton births, proven sepsis, IVH grade 304, SES, and IQ. Figure 1 shows the proportion of children in each group who were unable to achieve the pass criterion for the EF task administered at two and years of age, as well as the proportion of children failing at both age points. Inspection of the figure shows that across all four groups, rates of task failure decreased with age. Nevertheless, failure rates were consistently higher among very preterm children with mild and moderate-severe WM abnormalities than children born either full term or preterm without WM abnormalities. These differences were particularly noticeable in the rates of consistent failure at ages two and four (i.e., mild WM abnormality: 38.8%, moderate severe WM abnormality: 68.8% vs. controls: 21.6% and no WM abnormality: 10%).
Continuity and Change in Executive Functioning at Two and Four Years
These conclusions were supported by a GEE logistic regression model fitted to the joint failure rate data for the four groups across the two ages. This analysis revealed a significant age effect (x 2 (1) 5 13.35; p , .001), reflecting the fact that failure rates were lower at age four than at age two and a significant WM group effect (x 2 (3) 5 21.21; p , .0001) reflecting the higher failure rates in the mild and moderate-severe WM groups. However, there was no significant age by group interaction (x 2 (3) 5 0.32; p 5 .96), suggesting that the change in failure rates from age two to age four years was not significantly different between groups. Estimates of effect size (odds ratios) derived from the fitted model showed that, across the two time points, the moderatesevere WM group had odds of EF task failure 6.4 times (95% CI 2.4-16.9; p , .0001) greater than for full-term controls. Averaged across two and four years, the odds of failure for the group with mild WM abnormalities were somewhat lower but still differed significantly from fullterm children (OR 5 2.1; 95% CI 1.3-3.4; p , .005). However, the failure rates for the no WM abnormality group were not significantly different from controls (OR 5 0.8; 95% CI 0.4-1.6; p 5 .55). These findings reveal the presence of persistent EF deficits in very preterm children with WM abnormalities detected on term MRI.
DISCUSSION
Drawing on prospective longitudinal data from a regional cohort of very preterm children, this study examined the early development of EF in this high risk population. In addition, this study assessed the relationship between cerebral WM abnormalities detected on MRI at term equivalent and subsequent executive impairments. Very preterm children with WM abnormalities experienced greater executive difficulties than full-term controls based on their performance on the modified DRB task at four years. Specifically, very preterm children with mild to moderate-severe WM abnormalities showed poorer behavioral inhibition as displayed by the increased number of trials required to learn the initial rule of the task (i.e., knob route) because of their tendency to reach directly into the box. Children with WM abnormalities were also more likely to make errors during the alternating phase of the task, which required children to switch between the knob and switch rules, suggesting very preterm children with WM abnormalities experience greater difficulty switching rapidly between different response sets. No difficulties were evident on the switch phase of the task for any of the very preterm groups. Thus, by age four, very preterm children with WM abnormalities appear able to inhibit a prepotent response, but experience cognitive inflexibility in that they have a tendency to make errors when alternating between contrasting rules. This specific pattern of impairment emphasizes the value of using experimental measures with differing levels of complexity to help specify difficulties under various levels of cognitive demand. The differences in executive function at four years in the children with WM abnormalities persisted even after statistical control for intellectual ability, social background, and perinatal characteristics. Therefore, specific impairments in executive function can be demonstrated at a young age in children born very preterm. Furthermore, WM abnormality was more strongly related to executive impairment than other medical background factors such as gestational age, proven sepsis, IVH grade 304, and multiple births. This finding is consistent with other recent findings demonstrating the predictive validity of MRI (Woodward et al., 2006) . In this study, qualitative ratings of moderate-severe WM abnormalities made a significant independent contribution to neurodevelopmental outcomes over and above other neonatal measures.
Whereas the current developmental findings should be interpreted cautiously given that different measures were administered at two and four years, the results suggest that rate of EF impairment in very preterm children remains stable between age two and four years compared to fullterm children. Specifically, very preterm children without cerebral WM abnormalities on term MRI were characterized by similar EF performance as their full-term peers across both time points. In contrast, children with mild and moderate-severe WM abnormalities had higher rates of EF impairment than full-term children at two and four years. 1 . EF Task failure rates at ages two and four years old for children born full-term and children born very preterm with no, mild, and moderate-severe WM abnormalities. Note: One full-term child and three very preterm children assessed at four years did not complete the assessment at two years.
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These findings suggest that very preterm children with WM abnormalities are characterized by persistent difficulties in EF in early childhood, with little evidence of developmental catch-up with age in the preschool years. Thus, our current findings expand on the findings of Ross et al. (1996) who found fewer gains in EF skills in preterm toddlers with brain injury (i.e., IVH). Whereas we did find evidence for persistent deficits, we found no evidence for differing rates of developmental change across the two timepoints. Our failure to detect group differences in rates of change may have reflected the use of differing measures at each time point, limiting our sensitivity to change. Another possibly is that differing rates of development could emerge in the preterm groups with WM abnormality as EF measures become more demanding in later childhood. Therefore, longer-term follow-up studies are needed to track the subsequent development of EF in preterm children, especially those with WM abnormalities. Of particular interest will be the factors that mediate or moderate developmental change within groups of very preterm children. One key finding from the current results is the apparent absence of executive impairment in the very preterm group without WM abnormality. This finding suggests that early EF impairments displayed by this population may reflect WM pathology rather than the direct effects of prematurity alone. Approximately 50% of children in this cohort received early intervention support focusing on cognitive, language, and motor skills; so replication of this study is warranted in other population groups.
Neonatal WM abnormalities may relate to later executive impairments in several ways. First, WM abnormalities are likely to result in compromised axonal networks, with particular relevance for EF in the frontal-striatal and corticothalamic systems. Injury to the immature oligodendroglia may additionally impair myelination and thus slow transmission rates in intact surviving axonal networks (Huppi et al., 2001 ). In addition, WM abnormalities have been shown to be associated with reduction in cortical gray matter volumes (Inder et al., 1999) . This association has been hypothesized to result from the deafferentation of the cerebral gray matter with subsequent impairment in synaptogenesis and disorganization of the neuronal networks (Inder et al., 1999) . The role of later adaptation within the WM and gray matter throughout childhood following preterm birth has not yet been defined. To fully understand the relationship between neonatal WM abnormalities and cognitive development, longitudinal studies incorporating serial neuroimaging and neuropsychological assessments are required.
Several limitations of the present study need to be acknowledged. The first concerns the lack of a common EF measure two and four years, thus limiting conclusions that can be drawn about continuity and change over time. This difficulty largely reflects the relative absence of EF measures suitable for preschool children that can be used across multiple ages and developmental time points. Many measures, such as the A-not-B task, are suitable from infancy to 2 years of age but lack the complexity required to accurately measure working memory and inhibitory control capacities at age 4 years. Recent efforts to develop batteries of preschool executive measures (Carlson, 2005) may prove helpful in addressing this important measurement challenge. A second limitation is the absence of quantitative measures of WM development, such as DTI anisotropy (Counsell et al., 2003; Partridge et al., 2004) , which could further specify the nature of the relationship between WM development and executive skills. Despite the absence of this technique, qualitative ratings of WM abnormality are an advancement over the use of cranial ultrasound, which only detects the most severe abnormalities (i.e., IVH and PVL) (Woodward et al., 2006) .
In conclusion, we have documented specific deficits in EF in preschool children born very preterm, namely poor inhibitory control and cognitive inflexibility, with evidence of some stability in impaired EF especially among those with mild and moderate-severe WM abnormalities evident on term MRI. Deficits were found even after taking into account background differences (i.e., IQ; SES; and medical background). Utilizing sensitive neuroimaging data, WM abnormalities in the neonatal period were found to relate to later risk of EF difficulties. Such MRI data may be valuable in the identification of specific preterm children at risk for later EF impairment, potentially allowing for earlier and more targeted interventions.
